Nicotinamide adenine dinucleotide (NAD) is an essential cofactor for cellular redox reactions and can act as an important substrate in numerous biological processes. As a result, nature has evolved multiple biosynthetic pathways to meet this high chemical demand. In Saccharomyces cerevisiae, the NAD salvage pathway relies on the activity of nicotinic acid phosphoribosyltransferase (NAPRTase), a member of the phosphoribosyltransferase (PRTase) superfamily. Here, we report the structure of a eukaryotic (yeast) NAPRTase at 1.75 Å resolution (locus name: YOR209C, gene name: NPT1). The structure reveals a two-domain fold that resembles the architecture of quinolinic acid phosphoribosyltransferases (QAPRTases), but with completely different dispositions that provide evidence for structural heterogeneity among the Type II PRTases. The identification of a third domain in NAPRTases provides a structural basis and possible mechanism for the functional modulation of this family of enzymes by ATP.
Introduction
Nicotinamide adenine dinucleotide (NAD) is a versatile compound that participates in a host of biological functions. Acting as an electron shuttle, it serves as an essential cofactor for cellular redox reactions and energy metabolism (Rizzi and Schindelin, 2002) . Additionally, NAD can be utilized as a consumable substrate to modulate other significant biological activities, including transcriptional regulation, DNA damage response, and neuroprotection (Pappas et In the yeast Saccharomyces cerevisiae, the NAD salvage pathway relies on the activity of NAPRTase. As a member of the phosphoribosyltransferase (PRTase) superfamily, this enzyme employs 5#-phosphoribosyl-1#-pyrophosphate (PRPP) as a substrate to catalyze the first reaction in the Preiss-Handler pathway:
The rate of this reaction is quite slow at 0.3 s −1 , rendering this enzyme thoroughly inefficient on its own. To circumvent this problem, NAPRTases couple ATP hydrolysis to their transferase activity, thereby increasing the catalytic turnover to 500 s −1 (Gross et al., 1998; Grubmeyer et al., 1999). This stimulation occurs through the phosphorylation of a specific, conserved histidine residue in a process that thus far appears to be unique to the NAPRTase family. Mutational studies indicate that changing this residue completely abrogates both autophosphorylation and ATP-dependent stimulation (Gross et al., 1996; Rajavel et al., 1998). This implies that NAPRTases are subject to three competing reactions at any one time: basal catalysis, stimulated catalysis, and ATP hydrolysis.
In spite of this well-understood kinetic scheme, a detailed description of NAPRTase structure has remained elusive. A number of other PRTases have been determined at high resolution and have revealed distinct structural classes based on overall fold and conserved In this work, we have used X-ray crystallography to determine the structure of the NAPRTase from Saccharomyces cerevisiae (yNAPRTase) at 1.75 Å resolution. To our knowledge, this structure represents the first high-resolution view of a eukaryotic Type II enzyme and the second published example of an NAPRTase structure (Shin et al., 2005) . The two-domain fold of yNAPRTase confirms a general similarity to QAPRTases; however, the barrel and sandwich domains occupy different relative dispositions to one another, permitting the NAPRTase to exist in an alternative oligomeric state. We have further analyzed residue, domain, and site conservation among Type II PRTases, as well as phylogenetic and structural relationships within this enzyme family. These combined data suggest a possible molec- are the calculated and observed structure factor amplitudes, respectively. R free = as for R cryst , but for 5.0% of the total reflections chosen at random and omitted from refinement. ular evolution mechanism that can contribute to our understanding of the evolution of NAD biosynthetic and salvage pathways. Figures S4A and S4B) . Comparison to the M. tuberculosis apo structure reveals a similar cavity that is also solvent exposed (occupied by three waters) (Figure S4C) . Upon binding, the QA analog supplants two of these molecules, which fill the void in its absence ( Figure S4D 
Results and Discussion

Structure of NAPRTase
Comparison of Oligomeric States
With the high degree of sequence homology among the sandwich and barrel domains of Type II PRTases, one would also expect their tertiary and quaternary interactions to be similar. However, structural comparison of these two enzyme families reveals distinct differences in three-dimensional organization. A structural alignment of the yNAPRTase monomer with the S. typhimurium QAPRTase was carried out with the CE method (Shindyalov and Bourne, 1998). This structural alignment, which treats each monomer as a rigid body, shows a tight superimposition of the barrel domains in each structure ( Figure 4A) . The sandwich domains, in contrast, occupy extremely different dispositions that cap the barrel in the yNAPRTase structure while protruding outward in QAPRTases. The alternative positioning of these segments in each enzyme facilitates the formation of different oligomers: yNAPRTase exists as a closed monomer, whereas all known QAPRTase structures form head-to-tail, domain-swapped dimers (Figures 1A and 4B; Schlunegger et al., 1997) . It is feasible that this molecular pairing in QAPRTases is driven by the formation of an open monomer coupled with the motivation to maintain the integrity of interface contacts between the barrel and sandwich domains (Figure 4B) . The FFAS03 search was performed by using the sequence of mouse NMPRTase as query. A score of −9.5 is the significance threshold for this tool, indicating that less than 3% of the matches are false positives. The more negative the score, the better the match. , 2003) , an alternative structural alignment method that permits mobility in and between structural components, reveals a common architectural blueprint that transcends domain organizational differences (Figures 4C and 4D ). This flexible approach significantly improves the alignment of the two structures by introducing four twists in the QAPRTase structure. The twist points used for manipulation (arrows), which are depicted in a rainbow scheme in Figure 4D , occur between five conserved regions in the QAPRTase structure. The first twist, shown in black, is located in a nonconserved linker between the red and orange segments. The second twist, also colored black, contains nonconserved residues linking the orange and yellow sections of the sandwich domain. The final two twists occur at the bend of the long α helix that connects the two domains and within the barrel structure in β7. The result is a robust matching of the key structural elements between the two enzymes, with only minor gaps in the alignment.
FATCAT (Ye and Godzik
In NAPRTases, domains A and B are permanently in close contact, and the enzymatic activity is modulated by domain C-dependent autophosphorylation. In QAPRTases, where this regulation is absent, it is tempting to speculate that the control of the enzymatic activity might be accomplished through a monomer (inactive)-to-dimer ( 
Implications for Other NAD Salvage Enzymes
The architectural distinctions highlighted by the yNAPRTase structure raise an important question: how well do these features extend to other salvage enzymes involved in NAD recycling? As illustrated in Figure 1 , an additional recycling route produces NAD from NM in a two-step mechanism mediated by NMPRTases. Little is known about the structure and function of this enzyme family, although it has been linked to lymphocyte activation and transcriptional regulation via Sir2 proteins (Rongvaux et al., 2002; Revollo et al., 2004) . To determine whether NMPRTases have any structural homology to the other NAD biosynthetic PRTases, a BLAST search with the mouse NMPRTase sequence (GenBank: GI:10946948) against the PDB database was performed. No significant matches were obtained (the best expectation value was 1.2). Therefore, we resorted to using the Fold and Function Assignment System (FFAS03), a sensitive profile-profile fold recognition method (Rychlewski et al., 2000) , to search the mouse NMPRTase sequence against the PDB database. This technique, which utilizes entire homologous families to create protein profiles for a matching algorithm, is able to detect distant homologies that are often missed due to low sequence identity. The results for this search are illustrated in Table 2 , with a more negative score signifying a better statistical match between a query sequence and a characterized fold. The typical significance threshold is −9.5, which indicates that less than 3% of the matches are false positives. Of all possible protein folds, the best match for the NMPRTase is the yNAPRTase monomer, with a score of −65.00 (14% sequence identity). More distant fold matches also occur with the four known QAPRTase structures (Table 2) , which can be expected due to the common structural domains among Type II PRTases. The implication of this finding is that NMPRTases can be classified as Type II PRTases and suggests that they are more likely to adopt the closed monomer configuration of NAPRTases, with whom they are more closely related. Based on this hypothesis, the yNAPRTase structure was employed as a template to generate a homology structural model for the NMPRTase (Figure 5A ) by using the program Modeller (Fiser and Sali, 2003) and the FFAS03 alignment ( Figure S2A ).
The homology model of the mouse NMPRTase provides two key insights into the structural properties of Type II PRTases. First, it helps further define a conserved tripartite sequence motif that forms the interface between domains A and B ( Figure S2B ). This consensus site is reasonably well conserved between all three families, with diverging residues showing a greater degree of similarity within each individual enzyme type. These contacts are maintained independently of the oligomeric state. It is feasible that given the irregular arrangement of the barrel, this interface serves to position the sandwich domain in such a way as to close off the gap between strands β2-β3, thereby ensuring the fidelity of the active site. Second, the mouse NMPRTase possesses an additional sequence at the C terminus that corresponds to domain C in yNAPRTase. This segment, which is not present in QAPRTases, is predicted to occupy the same position in both proteins-extending out from above the barrel core ( Figure 5A) ; whether this domain imparts a similar ATP-dependent energetic coupling in NMPRTases or an alternative function is still unclear. In humans, two alternatively spliced isoforms of the NMPRTase gene are distinguished by the presence or absence of this domain C-like element. These are conceptually represented in Figure 5B . Isoform a is 491 amino acids in 
Experimental Procedures
Cloning, Expression, and Purification yNAPRTase was amplified by PCR from genomic DNA from S. cerevisiae by using PfuTurbo (Stratagene) and primer pairs encoding the predicted 5# and 3# ends of yNAPRTase. The PCR product was cloned into plasmid pMH1, which encodes an expression and purification tag (MGSDKIHHHHHH) at the amino terminus of the full-length protein. The cloning junctions were confirmed by sequencing. Protein expression was performed in a selenomethionine-containing medium by using the E. coli methionine auxotrophic strain DL41. Bacteria were lysed by sonication in lysis buffer (50 mM K 2 HPO 4 [pH 7.8], 300 mM NaCl, 10% glycerol, 5 mM imidazole, Roche EDTAfree protease inhibitor tablets) with 0.5 mg/ml lysozyme. Immediately after sonication, the cell debris was pelleted by ultracentrifugation at 60,000 × g for 20 min (4°C). The soluble fraction was applied to a gravity flow metal chelate column (Talon resin charged with cobalt; Clontech) equilibrated in lysis buffer. The column was then washed with 7 column volumes (CV) of wash buffer (20 mM Tris [pH 7.8], 300mM NaCl, 10% glycerol, 10 mM imidazole) and eluted with 3 CV of elute buffer (25 mM Tris [pH 7.8], 300 mM NaCl, 150 mM imidazole). The protein was then buffer exchanged into crystallization buffer (10 mM Tris [pH 7.8], 150 mM NaCl) and concentrated by centrifugal ultrafiltration (Orbital). The protein was either frozen in liquid nitrogen for later use or was used immediately for crystallization trials.
Crystallization
The protein was crystallized by using the nanodroplet vapor diffusion method (Santarsiero et al., 2002 ) with standard JCSG crystallization protocols (Lesley et al., 2002) . Crystals were grown at 4°C by using 6%-16% PEG 5000 MME, 0.06 M MES, and 0.04 M NaMES at pH 6 with a protein concentration of 10-30 mg/ml 15-20% ethylene glycol was used as a cryoprotectant for freezing. The crystals were indexed in the triclinic space group P 1 (Table 1) .
Data Collection
MAD diffraction data sets, in addition to a 1.75 Å high-resolution data set (λ 0 = 0.9686), were collected at wavelengths corresponding to the inflection point (λ 1 = 0.9798) and the low-energy remote (λ 2 = 1.0332) ( 
Structure Solution and Refinement
The heavy-atom sites were found by using SHELXD (Schneider and Sheldrick, 2002) 
Biocomputational Methods
Sets of NAPRTases, QAPRTases, and NMPRTases were generated through similarity searches performed with PSI-BLAST (Altschul et al., 1997). The sequences of S. cerevisiae NAPRTase (SwissProt: P39683), Thermotoga maritima QAPRTase (SwissProt: Q9X1X8), and mouse NMPRTase (GenBank: GI:50293167) were used as queries. Two PSI-BLAST iterations were performed against the NCBI nonredundant database. BLOSUM62 was the weight matrix, the expectation value threshold for inclusion of sequences into a profile was 0.01, and no low-complexity filtering was used. Sequencebased multiple sequence alignments were produced by using the ClustalX implementation of ClustalW 1.8 (Higgins et al., 1994) (Schomburg et al., 2004) . The potential ATP binding site in the yNAPRTase was predicted by using SiteEngine (Shulman-Peleg et al., 2004) . EST searches were performed by using TBLASTN against the GenBank dbEST database and its human and mouse sections (Boguski et al., 1993) .
Supplemental Data
Supplemental Data including a steroview and a wire diagram of the secondary structure of yNAPRTase, active site occupancies and conservation, the template-target sequence alignment used to build the homology model of NMPRTase, and phylogenetic analysis used to propose the molecular evolution model of the Type II PRTase family are available at http://www.structure.org/cgi/content/ full/13/9/1385/DC1.
